The dynamic adsorption/elution properties of a fibrous grafted adsorbent having sulfonic acid (SO 3 /g-adsorbent, respectively. The affinity order of the fibrous grafted adsorbent for cations depended on the cationic size and valence: the larger the cationic size and valence, the greater the affinity became.
Introduction
Ion exchange reaction is an indispensable reaction for numerous industrial applications and various human activities, although it is an ancient, basic, simple and well-known reaction. Recently, various types of ion exchange resins for different purposes have been developed, and these resins have been widely used in various fields such as water softening 1) and deionization 2) , recovery of rare metals from seawater 3) and environmental water 4) , removal of toxic ions from groundwater 5) , filter media for gas 6) , isolation and purification of pharmaceuticals 7) , proteins 8) , and DNA 9) , column packing material for liquid chromatography 10) , catalyst for a chemical reaction 11) , and so on. Especially, a fibrous grafted adsorbent, * Corresponding author E-mail: ueki.yuji@jaea.go.jp which was synthesized by the radiation-induced grafting onto a fabric substrate, has been attracting attention as a sophisticated ion exchanger because the adsorption rate of the fibrous grafted adsorbent is 10-100 times higher than that of a commercial granular resin 12) . The reason for this difference of adsorption rates was thought to be that the target ions were easily and rapidly transported near the functional groups of grafted chains by fluid convection, because the fibrous grafted adsorbent had the high porosity and the large surface. On the other hand, the target ions were slowly diffused through the pore of the porous resin by concentration gradient. Recently, the fibrous grafted adsorbent was practically used as an adsorbent for the removal of radioactive cesium from environmental water, by using the (xxx) characteristic of the fibrous grafted adsorbent which could efficiently function even under high flow rate condition 13) . The fibrous grafted adsorbents containing a sulfonic acid (SO 3 H) group were synthesized by the radiation-induced cografting of sodium styrenesulfonate (SSS) with hydroxyethyl methacrylate (HEMA) and the two-step grafting of HEMA and then SSS 14) . In these cases, the hydrophilic SSS had low reactivity for a hydrophobic trunk polymer such as a polyethylene (PE), because the PE polymer didn't have a hydrophilic domain capable of diffusing the hydrophilic SSS. In order to enhance the grafting rate of SSS, the hydrophilic HEMA was used as a grafting accelerator. However, these cografted adsorbents had a certain amount of the HEMAgrafted chains which didn't contribute to the metal adsorption. Therefore, the ion exchange capacities of these adsorbents were relatively low. In order to solve this problem, authors proposed the new synthetic method of the fibrous metal adsorbents: only one functional monomer, ethyl pstyrenesulfonate (EtSS), was used for grafting 15) . The EtSS was a hydrophobic monomer, and the accessibility of the EtSS for the PE polymer was distinctly better than the hydrophilic SSS. Therefore, a sufficient grafting yield of EtSS alone could be obtained without using the HEMA. In a previous paper, the fibrous grafted adsorbent having SO 3 H groups was synthesized by radiation-induced emulsion grafting of EtSS onto nonwoven fabric and its subsequent hydrolysis. The SO 3 H group density of fibrous grafted adsorbent was controlled within a range up to 3.7 mmol-SO 3 H/g-adsorbent, and its density was about 1.5 times higher than that of SSS-HEMA-cografted adsorbent 14) . In the batch-wise adsorption test of Cu
2+
, it was found that the adsorption rates of the fibrous adsorbents were 11-205 times higher than that of a commercial granular resin, depending on the degree of grafting (Dg [%]) of adsorbents.
Aside from this, in the industrial processes, the adsorbents were typically used as column packing materials of continuous adsorption systems where feeding samples such as water and gas were continuously supplied to the column. The continuous adsorption system was more suitable and economic techniques than the batch-wise adsorption system. In the continuous adsorption system, the dynamic adsorption/elution characteristics and selectivity were even more important than its saturation capacity in order to achieve the practical applications of the fibrous grafted adsorbent. The objective of this study was to evaluate the dynamic adsorption/elution characteristics and selectivity of EtSS-based fibrous grafted adsorbent through column-mode adsorption/elution tests.
Experimental

Materials
Polyethylene-coated polypropylene (PE/PP) nonwoven fabric was supplied by Kurashiki Textile Manufacturing Co., Ltd. (Osaka, Japan) and used as a trunk polymer for grafting. The average diameter of the PE/PP nonwoven fabric was 13 μm. EtSS was purchased from Tosoh Organic Chemical Co., Ltd. (Tokyo, Japan). Polyoxyethylene (20) sorbitan monolaurate (Tween 20), which was used as a nonionic surfactant for preparing the monomer emulsion, was obtained from Kanto Chemical Co., Inc. (Tokyo), as were KOH, ethanol, each metal salts, each metal ion standard solution for quantitative analysis (1000 ppm) and ultra pure HNO 3 (Ultrapur-100). All commercial chemicals were of reagent grade unless otherwise stated. Deionized water obtained from a Milli-Q deionization system (Nihon Millipore K.K., Tokyo) was used for preparing the monomer emulsion and the sample solutions.
Synthesis of EtSS-based fibrous grafted adsorbent
EtSS-based fibrous grafted adsorbent was synthesized by radiation-induced emulsion grafting technique, as published previously 15) . PE/PP nonwoven fabric was irradiated with electron beam (20 kGy). Then, the irradiated PE/PP nonwoven fabric was reacted with a deaerated monomer emulsion, which was composed of 3 wt% EtSS, 0.3 wt% Tween 20 and 96.7 wt% deionized water, in a glass ampoule for 4 h at 60 °C. The EtSS was uniformly grafted onto the PE/PP nonwoven fabric, and the Dg reached 205%. After grafting, the EtSS-grafted nonwoven fabric was further treated with 1 M KOH solution (solvent: 50 vol% ethanol, 50 vol% deionized water) for 2 h at 80 °C and then 0.5 M HNO 3 aqueous solution for 2 h at room temperature, to convert the ester groups of EtSS grafted chain to SO 3 H groups. The degree of conversion of EtSS grafted chain reached 90%, and the SO 3 H group density of the EtSSbased fibrous grafted adsorbent were 2.91 mmol-SO 3 H/gadsorbent.
Column-mode adsorption and elution tests 2.3.1 EtSS-based fibrous grafted adsorbent
The dynamic adsorption capacity and selectivity of the EtSS-based fibrous grafted adsorbent was evaluated through column-mode adsorption tests, whereby metal solution was continuously supplied to a fibrous grafted adsorbent-packed column according to the procedure described by Ueki 16) . The fibrous grafted adsorbent with 2.91 mmol-SO 3 H/g-adsorbent was packed into a glass column (7 mm i.d. × 50 mm long). The dry weight, height and volume of the packed fibrous adsorbent in the column were 105 mg, 5.1 mm and 0.20 mL, respectively. The SO 3 H group density per unit column volume was 1.8 mmol/mL-column. For standardization of each test, the flow rate was expressed as space velocity (SV [h Column elution tests were also carried out. The column packed with the fibrous grafted adsorbent was completely washed with deionized water, after supplying a sufficient volume of feeding solution until adsorption equilibrium of each metal ion was reached. Subsequently, the adsorbed metal ions onto the fibrous grafted adsorbent were eluted with 1 M HNO 3 aqueous solution. After completely eluting metal ions, the column was thoroughly washed with deionized water for the next run. All adsorption and elution tests were performed at next run. All adsorption and elution tests were performed at room temperature. The breakthrough capacity (C BP [mmol/gadsorbent]), the saturation capacity (C SP [mmol/g-adsorbent]), the amount of eluted metal ion from the fibrous grafted adsorbent (C E [mmol/g-adsorbent]) and the recovery rate of metal ion (R [%]) were calculated from the breakthrough curves, referring to the procedure described by Ueki 16) .
Commercial granular resin
For comparison, a commercial granular resin with SO 3 H group was also used. DIAION PK216 (Mitsubishi Chemical Co., Ltd., Tokyo) was based on a porous styrene DVB polymer matrix. Its porous structure provided excellent durability against osmotic shock by swelling and shrinkage. Its particle size and SO 3 H group density were 300-1180 μm and 4.6 mmol/g-resin. The dry weight, height and volume of the packed resin in the column were 80 mg, 6.2 mm and 0.24 mL, [BV c) ]
Space velocity, b) breakthrough point, c) bed volume, d) breakthrough capacity, e) saturation point, f) saturation capacity, g) utilization ratio of SO 3 H group at BP, h) supplied volume for cation elution, i) amount of eluted cation, j) asymmetry of the elution curve. As is calculated at 10% of the peak height from the relationship: As =b/a, where a is the leading edge, and b is the trailing edge of the peak of elution curve. 
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a) Space velocity, b) breakthrough point, c) bed volume, d) breakthrough capacity, e) saturation point, f) saturation capacity, g) utilization ratio of SO 3 H group at BP, h) supplied volume for cation elution, i) amount of eluted cation, j) asymmetry of the elution curve. As is calculated at 10% of the peak height from the relationship: As =b/a, where a is the leading edge, and b is the trailing edge of the peak of elution curve.
respectively. The SO 3 H group density per unit column volume was 1.5 mmol/mL-column. Column operations were the same as those for fibrous grafted adsorbent-packed column.
Results and Discussion
First of all, the flow rate dependence of the EtSS-based fibrous grafted adsorbent was evaluated by supplying 2 mM of Cu 2+ aqueous solution at various flow rates, and these results were shown in Fig. 1 Fig. 2 and Table 1 ).
In the case of the fibrous grafted adsorbent, although the BP and SP were gradually changed at an extremely high flow rate, the shapes of the breakthrough curves had not drastically changed. /g-resin, respectively. Furthermore, the utilization ratio of SO 3 H groups at BP (C BP /C SP [%] ) is one of the important factor to efficiently use the adsorbents. In the case of the fibrous grafted adsorbent, although the utilization ratios of SO 3 H groups at BP were gradually decreased as the flow rate was increased, the EtSSbased fibrous grafted adsorbent maintained relatively high utilization ratios of SO 3 H groups enough to operate even under the high flow rate conditions, as compared with the commercial granular resin. The C BP /C SP of the fibrous grafted adsorbent at 25, 50, 100, 200, 500 and 1000 h -1 in SV were 89.6, 85.2, 80.3, 78.5, 76.5 and 68.6%, respectively. On the other hand, the C BP /C SP of the commercial granular resin was dramatically decreased under the high flow rate condition, the C BP /C SP at 1000 h -1 in SV was only 1.1%.
Column-mode elution tests were performed using 1 M HNO 3 could be easily concentrated about 50 times by the column of the fibrous grafted adsorbent at any flow rate. The reason for this high concentration ratio was thought to be that the H + in HNO 3 aqueous solution could be rapidly transported near the functional groups of grafted chains by fluid convection, as is the case in the adsorption mechanism, and then the adsorbed Cu 2+ was forcibly discharged from the fibrous grafted adsorbent. The recovery rates of Cu 2+ reached over 90% at any flow rates. Besides, even after 10 adsorption-elution cycles were repeated, the fibrous grafted adsorbent did not suffer serious physical or chemical damage, and the metal adsorption performance still maintained its initial level. Consequently, it was found that the EtSS-based fibrous grafted adsorbent had good durability for long-term use. Based on the above results, it was found that the EtSS-based fibrous grafted adsorbent also exhibited extremely fast adsorption kinetics and would be available as a sophisticated metal adsorbent, as with other grafted-polymers. Next, the effect of the type of metal ion on the metal adsorption performance was investigated. In these adsorption and elution tests, Figure 3 shows the breakthrough curves of each metal ion, and the metal adsorption performance, such as BP, C BP , etc., were summarized in Table 2 . Generally, the affinity of SO 3 H group for cations varies with the ionic size and valence of the cation 17) . As for the same-charged cations, the larger the ionic size, the greater the affinity became. As for the differentcharged cations, the SO 3 H group has a higher affinity for the more multiply-charged cations. As can be seen in Fig. 3 , in the case of the divalent and tervalent cations, the shapes of the breakthrough curves were almost the same irrespective of the type of cation. ; the values increased in order of increasing the ionic size of cation. This result was in excellent agreement with the results of the commercial granular resin 18) . In terms of the C BP and C SP , as expected, the C BP and C SP depended on the cationic valence: monovalent > divalent > tervalent, as described in Table 2 . Although the C BP /C SP for each cation was changed, it was found that the fibrous grafted adsorbent could efficiently adsorb any type of cation because the C BP /C SP even for tervalent cations exceeded over 50%. In this paper, the highest C BP /C SP was 94% for Ag + , whereas the lowest was 54% for Nd 3+ . Figure 4 shows the elution curves of Li + , Mg 2+ and Sm 3+ as typical examples of each cationic valence, and the results of elution tests for all cations were summarized in Table 2 . As shown in Fig. 4 , although all the adsorbed cations could be eluted by a slight amount of 1 M HNO 3 aqueous solution, the required HNO 3 amount for eluting was varied according to the cationic valence: monovalent < divalent < tervalent. Additionally, the elution curve of Sm 3+ was highly asymmetric (tailing). were 0.00, 0.00, 0.01, 0.05, 1.86 and 0.99 mmol/g-adsorbent, respectively. Based on the above results, it was found that the EtSS-based fibrous grafted adsorbent could preferentially adsorb the tervalent cations than the monovalent and divalent cations. Based on the above all results, we concluded as follows. In the column-mode adsorption/elution tests, the EtSS-based fibrous grafted adsorbent could be efficiently function and rapidly capture various cations even under high flow rate condition, as compared with the commercial granular resin. Its dynamic adsorption/elution capacities at high flow rate condition were quite satisfactory performances, as compared with the commercial granular resin. The affinity order of the fibrous grafted adsorbent for cations depended on the cationic size and valence. Although the larger the cationic size and valence, the greater the affinity became, the cationic valence had a great effect on the selectivity for cations than the cationic size. When the mixture aqueous solution consisting of monovalent, divalent and tervalent cations, was continuously supplied to the column, the fibrous grafted adsorbent preferentially adsorbed than the monovalent and divalent cations. The adsorbed cations could be easily eluted and concentrated by 1 M HNO 3 aqueous solution, and the recovery of each cation was reached over 90%. 
